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ABSTRACT
[ Secret I

The Madre Radar was used to observe one Minuteman
launch over the horizon and another above the horizon. Evi-
dence of a skin tracking was displayed. Exhaust boundary
echo size estimates and doppler characteristics were
obtained.

PROBLEM STATUS

This is an interim report on one phase of the problem;
work is continuing on this and other phases.

AUTHORIZATION

NRL Problem R02-23
Project RF 001-02-41-4007

MIPR 30-635-8-160-6136
MIPR 60-2134

ARPA Order 160-61

Manuscript submitted April 1, 1962.
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MADRE EVALUATION VI
[ Unclassified Title I

MINUTEMAN SKIN AND EXHAUST BOUNDARY ECHOES
[Secret Title)

INTRODUCTION

The aims of the Madre project and a description of the equipment complex located at
the NRL Chesapeake Bay Annex have been summarized in prior evaluation reports. In
brief the Madre radar is an HF, coherent, MTI system using clutter rejection filters.
Signal processing employs sampling, time compression, signal storage, and several forms
of spectrum analysis.

In this report, the observations made on two Atlantic Missile Range launches will be
disclosed and discussed. The tests were of Minuteman vehicles, numbers 0115 and 0113.
The first was observed "over the horizon" using a frequency of 13.68 mc. The second
was observed above the horizon using a frequency of 26.6 mc. The burn time exhaust
boundary echoes in the two tests were striking in their similarity.

AMR 'rEST 0115

The Minuteman was launched at 10:23:52 EST (1523:52Z)on 8 March 1962. The radar
radiated 3 MW peak, 80 KW average, on an azimuthal bearing of 185" and at a 90 pps rate.
In an attempt to illuminate the missile trajectory down to zero altitude, a frequency,
13.68 mc, near the antenna's lower limit, was chosen. Considerable absorption pre-
vailed at this frequency, such that backscatter was received for ranges from 760 to only
1240 naut mi. The high level backscatter occupied 800 to 1100 naut mi indicating illumi-
nation of the form sketched in Fig. 1. Thus the missile trajectory was viewed exclusively
after ionospheric refraction and for altitudes between 60 and 170 km.

The receiver was time gated so that echoes coming from the range interval between
450 and 900 naut mi were processed. These signals were reduced to a zero frequency IF,
sampled, and stored, such that the prior 20 seconds of information was continuously
available on a time-compressed basis. The real time analysis was that of doppler fre-
quency and intensity as a function of radar range. The display presented a range rate or
doppler versus range plot on a cathode ray tube. Pictures of the displays during AMR
Test 0115 are given in Figs. 2a and 2b. The vertical ordinate, as labeled on the left,
gives the available doppler running from 0 to 45 cps. The horizontal ordinate, as labeled
across the top, gives range running from 450 to 900 naut mi. Both of these scales are
only approximate: calibrated strobes are available for precise measurements. The time
after To is given in the form of hours, minutes, and seconds on the counter located at the
bottom of each display picture. The high amplitude exhaust bo~undary reflections are easily
seen from T.2 minutes 14 seconds through T.2 minutes 54 seconds. The coordinates are
680, 5 through 680, 45, and the returns are typical of the exhaust boundary, being very
discrete in range and having doppler comlponents that fill the 45 cps available. Various
meteor trail returns can be seen at distances from 475 to 650 naut mi and at low dopplers;
some have high enough amplitude to exceed the processing systom's linear range and
harmonics start to show. Some other pulsed system was on thu Madre frequency at a
near synchronous repetitive rate and can be seen in the first picture, T-0, as a triple pair
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of targets located at coordinates 800, 34; 800, 23; and 800, 13. These pulses slowly
decrease in range and manage to coincide with the first missile returns in the picture of
T+2 minutes 13 seconds. For this test the data processing was operated to optimize sen-
sitivity. Skin echoes or any doppler information that might be present in the exhaust
reflections were lost due to the high amplitude of the exhaust echoes. However, a-very
approximate determination of the exhaust radar cross section can be made. A calibration
signal is present in the pictured displays at coordinates 580, 40 and its amplitude was
liu v peak to peak at the receiver input terminals. If the simple radar range equation is
is applied to a signal of this size at the missile's distance,

= Pr(4,7) 3 R4 orPt G2 ,2

ac = (2.5 - 10-1S) (4,,)3 (1200)4 =4 2
3 x 106 (12.6)2 (21.9)2 :4 2

The display resolution bandwidth is 1/3 cps, and if it is considered that the received
power from the missile exhaust is spread uniformly over the 45 cps available doppler
and it is estimated that the signal level in each 1/3 cps is 3 db greater than the calibra-
tion signal, the exhaust radar cross section

2A= 2\-C or

o"-1.2 - 104 m2.

This is very approximate and probably lower than the actual size since path losses were
ignored.

In order to obtain a more detailed intensity and velocity history, a spectrum analysis
versus time was performed on the clutter filtered zero frequency IF which had been mag-
netic tape recorded. This analysis is given in Figs. 3a and 3b. Here the analysis filter
(about 3 cps bandwidth) has scanned from 10 to 90 cps and therefore the available 45 cps
doppler is seen both above zero and subtracted from 90 cps in a mirror image form. The
missile returns are apparent from T+119 seconds through T+172 seconds, and these two
times coincide with third stage ignition (82 KM) and thrust termination (143 KM). Above
90 cps on the chart, the expected doppler frequency of the third stage viewed after reflec-
tion from a 265 KM ionosphere and computed from post-flight data is plotted. The exhaust
boundary returns do have a recognizable intensification near the expected doppler. Along
the edge of the diffuse exhaust returns and somewhat obscured by them, a hard discrete
velocity line can be seen from T+ 129 to T+ 132. This line is considered to be a brief skin
track. A close scrutiny of times between T+150 and T+160 shows another discrete line,
almost submerged in the diffuse exhaust reflections; this velocity line has a different
time rate from that of the third stage and is probably skin reflection from the ballistic
second stage. It was very disappointing that definite missile returns were not demonstrated
prior to T+119; however, at least three factors worked against earlier detection. These
factors were: just prior to T+119 the missile was in a velocity null of the radar; the
previously mentioned interfering signals coincided with the missile range thereby degrad-
ing sensitivity; the missile in the early launch phase was in an antenna pattern null.

O1NCRET
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Fig. 2a - Test 0115 doppler versus range display. Range in nautical miles is
given across the top. Doppler in cycles per second is indicated on the left
ordinate. The counter at the bottom gives time after launch in hours, minutes,
and seconds.
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Fig. 2b - Test 0115 doppler versus range display. Range in nautical miles is
given across the top. Doppler in ycles per second is indicated on the left
ordinate. The counter at the bottom gives time after launch in hours, minutes,

and seconds.
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AMR TEST 0113

This Minuteman was launched at 8:30:02 p.m. EST (0130:02Z) on 22 March 1962. The
radar radiated 4.5 MW peak, 100 KW average, on an azimuth of 1850 and at a 90 pps rate.
Since the lower frequency (13.5 mc) limit of the antenna would not allow illumination of
the early missile track for the prevailing ionosphere, the radar was operated at 26.6 mc
for direct look observations. No earth's back-scatter was detected at this frequency.
Real time analysis and display were as described for the previous test (0115). Figures
4a and 4b are pictures of this display where times and ordinates are as described before;
that is, time in the form of hours, minutes, and seconds is given below each picture;
radar range from 450 to 900 naut mi runs across the top, and the left vertical ordinate
gives. the available 45 cps of doppler. The system sensitivity can be roughly estimated
from the calibration signal at coordinates 750, 5 which was one microvolt peak to peak
at the receiver input. The exhaust boundary echoes at about 680 naut mi range and filling
the 45 cps available doppler can be easily noted in the interval between T+2 minutes,
11 seconds and T+2 minutes, 59 seconds. With this form of analysis and display the
exhaust boundary reflections for the two missiles are quite similar in character.

The echoing cross section can be estimated as on the previous test. The one micro-
volt peak to peak calibration signal corresponds to an area at the missile range,

= Pr(4:)
3  R

4

Pt G2 X2

a (2.5 - 10-15) (4,)3 (1200)4

(4.5 x 106) (25.5)2 (11.26)2

ac =27 m2

Since the calibration signal is in the edge of a velocity null it is estimated that the exhaust
returns in each 1/3 cps resolution bandwidth are 3 db below the level of the calibration
signal. The exhaust cross section is:

a 1/2 (135) (27)

0, 1.8 . 103 m2.

A cross section obtained thus must be considered very approximate. This value is less
than an order of magnitude smaller than that of Test 0115; however, the frequency Is
doubled and the ambient ionization is decreased by at least one half.

Again a detailed spectrum versus time analysis was made and is displayed in Figs.
5a, 5b, 5c, and 5d. The exhaust boundary echoes start at T+119, third stage ignition
(118 KM) and persist until T+164, presumably thrust termination (195 KM). Above the
spectrogr. n the third stage (under thrust) expected doppler is plotted as a solid line and
the second tage (ballistic) doppler as a dotted line. The exhaust boundary echoes fill the
available 45 cps doppler and during the last part of third stage burn a discrete velocity
line appropriate for the third stage is readily seen. This is undoubtedly skin reflection both
reinforced by some exhaust components and somewhat submerged in the doppler diffuse
exhaust returns. After T.165 and until T+380 an Intermittent velocity line from the bal-
listic second stage is seen. Agreement with the computed doppler (admittedly not precise
since SECO position was estimated) is good.

56~CRET



SECRET NAVAL RESEARCH LABORATORY 9

DISCUSSION

The lack of a lower frequency antenna has prevented Madre demonstration of a missile
skin track from the ground up. However, experience in over the horizon tracking of air-
craft indicates the feasibility of such skin tracking. It is felt that the fragmentary indi-
cations of over-the-horizon skin echoes for Test 0115 and the good above-the-horizon
skin reflections for Test 0113 confirm the feasibility.

The rather large exhaust boundary reflections, which are wonderful for missile iden-
tification, tend to overwhelm skin returns; however, applicable approximated doppler
information may be extracted from the exhaust echoes.

SECRET
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Fig. 4a - Test 0113 doppler versus range display. Range in nautical miles is
given across the top. Doppler in cycles per second in indicated on the left
ordinate. The c ounter at the bottom gives time after launch in hours, minutes,
and seconds.
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Fig. 4b - Test 0113 doppler versus range display. Range in nautical miles is
given across the top. Doppler in cycles per second is indicated on the left
ordinate. The counter at the bottom gives time after 'aunch in hours, minutes,
and seconds.
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